Effects of Geometry and Material Properties on the Residual Stress of Glass-to-metal Seals in Solar Receiver Tubes  by Lei, D.Q. et al.
 Energy Procedia  49 ( 2014 )  418 – 427 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2013 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer review by the scientifi c conference committee of SolarPACES 2013 under responsibility of PSE AG. 
Final manuscript published as received without editorial corrections. 
doi: 10.1016/j.egypro.2014.03.045 
SolarPACES 2013 
Effects of geometry and material properties on the residual Stress of 
glass-to-metal seals in solar receiver tubes 
D.Q. Leia,*, Z.F. Wanga, Z.J. Wangb  
aKey Laboratory of Solar Thermal Energy and Photovoltaic System, Institute of Electrical Engineering,  
Chinese Academy of Sciences, No.6 Beiertiao, zhongguancun, Beijing 100190, China 
bHimin Solar Co., Ltd. Shandong 253000, China 
Abstract 
The solar receiver tube is a key component to convert the solar energy into thermal energy in parabolic trough solar power 
system. The residual stresses which are generated during the cooling process of glass-to-metal sealing significantly influence the 
reliability of receiver tube. In order to lower the seal failure probability, the effects of geometry and material properties of glass-
to-metal seals on the residual stress are analyzed using finite element method in this paper. The effects of the material properties 
of stainless steel 304, stainless steel 430, Kovar on the sealing residual stress can be presented. Although each of these different 
sealing material combinations can have enough sealing strength, the glass-to-metal seals with larger tensile stresses can cause the 
failure of the receiver tube. Moreover, effects of geometry of the metal tube and the glass tube on the residual stress are also 
analyzed. The stress distributions in the glass side analyzed by the finite element method (FEM) were in agreement with the ones 
calculated by analytic solution (AS) approach. The X-ray measurement results also proved the validation of the FEM. The 
dangerous tensile stresses mainly occur at the glass-metal interface. The results of this study have important implications on the 
optimization of seal configuration in the solar receiver tubes. 
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1. Introduction 
A parabolic trough solar receiver is one of the most important elements in the solar thermal power system for 
converting the solar energy into thermal energy. The receiver typically consists of a metal pipe with a solar selective 
coating and an evacuated glass tube. The receiver tube incorporates glass-metal transitional elements and metal 
bellows to achieve the necessary vacuum-tight enclosure and to accommodate for thermal expansion difference 
between the metal pipe and the glass envelope [1]. The vacuum enclosure serves primarily to significantly reduce 
heat losses at high operating temperatures and to protect the solar selective absorber surface from oxidation. A 
diagram of the parabolic trough receiver tube is shown in Fig. 1. 
 
 
Fig. 1. Parabolic trough receiver 
The failure of the glass-to-metal seal has a significant impact on the thermal performance of the receiver. It can 
cause vacuum loss, fracture of glass tube and solar selective coating degradation. The heat loss will greatly increase 
as the glass-to-metal seals are breakage. The problems of sealing are adhesion and stress [2]. The adhesion is only a 
firm layer of metal oxide that is soluble in both metal and glass, and is the means of obtaining adherence. The 
reliability of the glass-metal bond is determined by the thickness of the oxide film, the uniformity of the layer and 
the oxide species. Preoxidation is a common technique to improve the chemical bonding. Through exact temperature 
and process control, a good glass-to-metal seal  can be obtained. In this paper, the adhesion problem is ignored.  
The stress is inevitable in the glass-to-metal seal as a result of the difference in thermal contraction of the two 
components from the sealing temperature down to the room temperature. The stress can significantly decrease the 
seal strength and influence the reliability of the receiver tube. The temperature changes during operation can also 
induce thermal stress that is an overlapped stress in the glass-to-metal seal. Therefore, it is necessary to evaluate the 
magnitude and distribution of residual stresses and to explore whether the stresses are great enough to cause cracks. 
In order to lower the seal failure probability, the effects of geometry and material properties of glass-to-metal seals 
on the residual stress are analyzed using finite element method in this paper. 
2. Glass to metal sealing  
2.1. Residual stress analyses 
Glass and metal are two kinds of materials which are thoroughly different character with each other. In order to 
obtain reliable sealing, we can either match the two coefficients of thermal expansion (CTEs) in order to avoid the 
stresses in the seals, or just limit the stresses to some values that are not dangerous for the integrity of the seal. 
According to the current technology, it can be divided between matched sealing and unmatched sealing.  
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In matched seals the thermal expansion coefficients of both components are similar at least in the temperature 
range between the strain point of the glass and room temperature. Above the strain point stresses can be relaxed by 
viscous flow. Below the strain point no stress relief takes place and stresses, owing to differential expansion of the 
two joined materials, become permanent.  
The stress, ߪ, generated by the temperature change, οܶ, and the difference of the thermal expansion coefficients, 
οߙ, between the glass and the metal can be written as [3] 
 
ߪ ൌ െܣሺοߙοܶሻ                                                                                  (1) 
 
Where A is, in general, a position (x, y, z) dependent term involving the elastic modulus, E, and Poisson’s ratio, 
ߤ, of both components. When the geometry of the glass to metal sealing is simple, e.g. a glass rod and a metal rod 
are fixed at one end and are restrained to move together at their other end. When they are heated up to a same 
temperature, it can be obtained 
ܣ ൌ ா೒ா೘ா೒ାா೘                                                                              (2) 
Where Eg and Em generally change very little as the materials change. To withstand greater changes in 
temperature, hard glass (ߙİ5h10-6 /K, e.g. borosilicate glass) is needed for the receiver tube. The tensile strength 
of borosilicate glass is generally 40-120MPa. Therefore, in order to ensure that the stress level is in the safe range (ߪ
İ40MPa), the mismatch of the thermal expansion coefficients should not exceed the value given in equation (3). 
-47.5 10m g TD D ' d u                                                                           (3) 
The Kovar alloy (DIN17745) is usually used in the receiver tube because its thermal expansion coefficient fits to 
that of the 5.0 borosilicate glass. Schott Glass developed a kind of glass material with adjusted the CTE on the order 
of 5.5×10-6/K [4]. The metal material used is a standard nickel alloy with a similar CTE. The matched sealing then 
gives much lower residual stresses in the glass to metal seal than the tensile strength of the glass itself. However, 
this choice would lead to higher costs and pretty high difficulties for the (few) suppliers in the world to match the 
highly dedicated (non-standard) glass requirements (geometrical and water resistance) [5].  
The unmatched seal are based either on the fact that the stresses developed in the glass are relieved by plastic or 
elastic deformation in the metal or on the fact that the developed stresses are only compression. The unmatched seal 
used in current designs is known as a Housekeeper seal which consists of a thin metal with blade like edges inserted 
into the glass to form the junction. The unmatched stainless steel-Pyrex glass seals were used in the original Luz 
receiver tubes which experienced high failure rates (approximately 4–5% per year). Stress analysis has indicated that 
the high stresses resulted from differential expansion between the metal and the glass when solar flux is incident on 
the seal areas is the primary cause of this failure [6].  
2.2. Design 
The mechanical strength of the glass to metal seal is determined primarily by the level of residual tensile stresses 
existing in the glass near the glass-metal interface. Using different materials can produce different magnitude of 
residual stress. The stress can significantly decrease the seal strength and influence the reliability of the receiver 
tube. Therefore, the effects of the material properties of stainless steel 304 (SS304), stainless steel 430 (SS430), 
Kovar, 5.0 borosilicate glass and Pyrex glass on the sealing residual stress are presented. 
In order to obtain the accuracy of the numerical calculations, the differential contraction between the glass and the 
metal was measured from the glass strain point to room temperature. The contraction curves of the five materials are 
shown in the Fig. 2. 
The glass-to-metal seal is generally a tubular seal in which the edge of the metal tube is embedded into the glass 
wall. The outer glass tube diameter is 120 mm and the wall thickness is 3 mm. In the experiments, there are two 
different sizes of the metal collars. One is 100 mm in inner diameter, the other is 116 mm. To achieve a sufficiently 
high mechanical strength, the edge of the metal tube is embedded 5 mm into the wall of the glass tube. For the 
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unmatched seal, the metal tube should be cut to length and then fired before final machining in dry hydrogen to 
relieve inner stresses. Then the metal tube is machined to the shape shown in Fig.3. For the edge to be smooth, the 
thickness of the edge, d, should be not less than 0.03mm thick, but d should not be too thick to avoid stiffness. 
 
Fig. 2. contraction curves of the five materials 
 
Fig. 3. Unmatched glass-to-metal seal 
Four material combinations were developed for the matched and unmatched glass-to-metal seal. The geometry 
and material properties of these combinations was shown in Table.1. Due to the high transmittance and thermal-
shock resisting ability, the Pyrex glass is very suitable to be used in the receiver tube.  Because the Pyrex glass has 
very low CTE (3.3h10-6/K), there is no possibility of a matched glass-to-metal seal. The metal tubes were tapered 
down to a very thin feather edge of which the thickness is 0.03 mm, 0.05 mm, 0.1 mm and 0.5 mm respectively, as 
shown in Table 1. The taper was less than 3°. Some of metal tubes tapered to thin feather edge are shown in Fig.4.  
Table 1. Geometry and material properties 
No Metal Glass d1 (mm) d2 (mm) d3 (mm) d4 (mm) d5 (mm) 
1 SS 304 Pyrex glass 0.03 0.05 0.1 \ \ 
2 SS 430 Pyrex glass 0.03 0.05 0.1 \ \ 
3 Kovar Pyrex glass 0.03 0.05 0.1 0.5 \ 
4 Kovar 5.0 borosilicate glass 0.03 0.05 0.1 0.5 1 
 
Glass tube
Metal tube
e
G
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Fig. 4. Metal tubes tapered to thin feather edge 
3.  Evaluation of the residual stress 
3.1. Analytic solution of thin shell theory 
According to the theory of thin shell, an analytic solution was used to analyze the basic magnitudes of residual 
stress that is subjected to during the glass-to-metal seal manufacture process. The analytic solution of thin shell 
theory (ASTST) was presented in Refs. [7]. 
In order to analyze the main problems and obtain the basic rules, there are four assumptions: 
1) The edge effect and free end effect can be disregarded in the sealing structure. 
2) The theory of thin shell can be applied to analyze sealing stress because the thickness of glass tube is far 
less than its radius.  
3) There is no plastic deformation in the metal ring.  
4) The CTE of metal is assumed to be bigger than the glass, ߙm>ߙg. 
Through the assumptions, the structure of glass-to-metal seal is simplified as the following diagram Fig.5 shows: 
tg
R
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Fig. 5. Structure of the glass-to-metal seal 
According to the theory of thin shell, the contraction distortion of metal ring is larger than that of glass in the 
radial direction when the element is cooled from sealing temperature to room temperature. Both the glass tube and 
the metal ring are subject to the action of bending moments M (Nm/m) and shearing forces P (N/m) by contrary 
directions. The glass tube and the metal tube should meet the displacement equation and the equation of turn-angle 
displacement compatibility. The analytic solutions are shown as following equations 
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Where ߪxg, ߪߠg, and ߬ҧ௫௥௚ denotes respectively the axial stress, circumferential stress and tangential stress on the 
glass tube. R, t, ߙ, ߤǡ E,  ǡ   ߚ respectively denotes the radius of the middle plane, the thickness, CTE, Poison’ 
ratio, Young’s modulus, the flexural rigidity of material, distance from the interface and the flexibility factors. 
3.2.  X-ray measurement method  
The residual-stress near to the glass-to-metal sealing interface can be measured non-destructively by X-ray 
measurement using a diffraction phenomenon. The conditions of the X-ray measurement are listed in Table 2. 
Table.2 Conditions of X-ray measurement 
System Proto iXRD Method Sin2߶ iso-inclination 
Characteristic X-ray Mn_Kߙ Incident angle ߶= 0°, 6°, 13°,23°, 30° 
Tube voltage 20kV Peak location Gaussian 
Diffraction plane 311 Collimator diameter 1mm 
 
3.3. Finite element analysis 
The ANSYS finite element software was used to simulate the residual stresses that were not only generated by the 
difference in the thermal contraction of the jointed materials during the cooling process, but also by the geometry of 
the assembly. Due to axial symmetry, this tubular sealing structure was modeled by the 2-D thermal-structure 
coupled-field elements in the ANSYS 10 program [8]. 3 kinds of geometric models generally used in receiver tubes 
were analyzed in the stress simulation, as shown in Fig.6. The area near the glass-to-metal joint was meshed with 
about 3500 nodes to obtain reasonably good results.  
 
 
Fig. 6. Meshed FEA models 
The relevant material properties include Young’ modulus (E), Poisson ratio (ߥ), thermal conductivity (ߣሻǡ specific 
heat (c), and thermal expansion coefficient (ߙ). The temperature dependence of thermal material properties are 
a b c 
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measured and input into the ANSYS program. The yield strength of Kovar, stainless steel  304 and 430 is  also input  
analysis the possible plastic deformation.  
After the glass and the metal were sealed, the assembly was isothemally held at the annealing point (570ć) for a 
long time to relieve the stresses of the glass. Then the assembly were cooled from 510Ԩ to 20°C at a rate of 3-10°C 
per minute. The temperature boundary conditions were assumed to be changed with the time in terms of the cooling 
rate for the assembly. The bottom of the metal tube was assigned a zero axial displacement boundary condition. The 
reference temperature is 510 ć which is the strain point of the Pyrex glass and the 5.0 borosilicate glass. The room 
temperature is 20ć. When the receiver tube is running in the parabolic trough solar system, the distribution of the 
temperature in the area of glass-metal sealing are calculated and tested. 
For the thermal-structure coupled analysis, the nonlinear FE code ANSYS was used. The von Mises yield 
criterion was used to determine whether the metal happens plastic deformation. The transient stress analysis was 
performed where the sealed specimens were cooled from reference temperature to room temperature with the time. 
4. Results and discussion 
4.1. Experimental results 
In experiments, the four material combinations for different edge thickness (Table .1) are sealed, and a part of 
those sealed assemblies are shown in Fig.7.  
 
   
Fig. 7. (a) SS304-Pyrex glass seal; (b) SS430-Pyrex glass seal; (c) Kovar-Pyrex glass seal 
Table 3 shows the experimental results of glass to metal sealing. For the combination of Kovar and Pyrex glass, a 
part of the sealed speciments  occur some cracks in the interface. Because Pyrex glass has a very high soften 
teperature,  care should be taken to point the flame on the glass ranther than on the metal to prevent overheating the 
thin edge. However, the thin edge of the Kovar is very easy to be over oxidized.  
Table 3. Experimental results 
Glass-to-metal seals Number d1 (mm) Results d3 (mm) Results d4(mm) Results 
SS304-Pyrex glass 15 0.03 Partial good 0.05 Breakage 0.1 Breakage 
SS430-Pyrex glass 15 0.03 Good 0.05 Partial good 0.1 Breakage 
Kovar-Pyrex glass 15 0.03 Partial good 0.05 Partial good 0.1 Partial good 
Kovar-5.0 boro glass 10 0.03 \ 0.05 Good 0.1 Good 
4.2. Verification of finite element method 
In order to verify and expand the ANSYS finite element method (FEM), the analytic solution (AS) was used to 
analysis the residual stress distribution that was shown in Fig.8. X axis denoted the distance away from the top of 
interface on the outside of the glass tube.  The material combination was Kovar and 5.0 borosilicate glass. The edge 
thickness of the Kovar tube was 1mm. 
The maximum error between the calculated results of AS and FEM is about 30%.  The reason is that the plastic 
deformation is considered in FEM but not considered in AS. However, the stress distributions analyzed by FEM are 
c) a) b) 
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similar to the ones calculated by analytic solution (AS) approach, as shown in Fig.8. The circumferential stresses are 
always compressive stresses and tangential stresses are very small stresses near the glass-metal interface on the 
outside of the glass tube. The axial stresses that are dangerous tensile stresses first increase, and then slowly decrease.  
 
 
Fig. 8. Distributions of stresses along the outside surface of glass tube 
 
Fig. 9. Comparison of the residual stress obtained by X-ray method and finite element analysis 
The residual-stresses were measured using the X-ray method to evaluate the four specimens. Fig. 9 presents a 
comparison of the results for the residual-stress on the metal near to the interface obtained by X-ray method and 
finite-element analysis. The X-ray method 
4.3. Effect of the thickness 
The thickness of the edge (d) is an important parameter for the seal configuration. When the thicknesses change, 
the 1st principal stresses for different assemblies are calculated and the maximum stresses in glass are shown in 
Fig.10. 
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Fig. 10. Maximum stresses in glass vs. thickness 
The calculation results show that when d increases from 0.03 mm to 0.1 mm, the 1st principal stress in glass 
greatly increases, especially for the unmatched glass-metal sealing. When the thickness of the glass decreases, the   
1st principal stress in glass greatly increases, too. When the edge thickness of SS304 tube is 0.03mm, the maximum 
tensile stress located at the top interface is 164 Mpa (Fig.11 (a)) and is far beyond the tensile strength of  the Pyrex 
glass which is generally less than 120Mpa. In experiments,  a part of those speciments do not occur cracks. The 
redox reaction products at the interface may relieve a part of stresses because their CTEs are between the CTEs of 
the Pyrex glass and the SS430. The maximum compressive stress locates at the inside and bottom of the interface.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. (a) Distribution of 1st principal stress   (b) Distribution of X-stress with shrink mouth 
The results also show that the difference of CTEs between the glass and the metal  is an  important factor 
affecting the magnitude of residual stress. The Kovar-5.0 borosilicate glass seal is a matched seal, the maximum 
tensile stress in glass is less than the tensile strength of the glass. 
When the edge thickness is 0.05mm, some speciments of SS304-Pyrex glass sealing  are also good in a few days, 
and then they occur cracks in the glass. Therefore, in order to obtain safe stress level,  the edge thichkness of SS304 
should be less than 0.03 mm or 1% of the thichness of the Pyrex glass.  
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When the edge thickness of SS430 tube increases from 0.03mm to 0.1mm, the maximum tensile stress is greatly 
increases, and then slowly increases.  If the edge thickness is less than 0.05mm, the thin feather edge can form an 
elastic component which can follw the expansion and contraction of the Pyrex glass. Otherwise, the edge of SS430 
are stiff and can not relieve the stress.  
When the edge thickness of Kovar tube is less than 0.1mm, the maximum stress is  less 77MPa. Although the 
Kovar has a much lower CTE and well fits the hard glass to seal, but it is difficult to avoid over oxidation.  
4.4. Effect of radius 
When the radius of the metal tube increases from 50 mm to 60 mm, the calculation results show that the residual 
stress slowly increases. In order to seal to metal tube with smaller radius, the end of the glass tube was machined as a 
shape of shrink mouth in experiment.  Fig. 11 (b) shows the distribution of X-stress with shrink mouth. If the glass 
tube with shrink mouth, the radial tensile stresses are less than the ones of without shrink mouth.  
5. Conclusion 
The effects of geometry and material properties of glass-to-metal seals on residual stress were analyzed by using 
finite element method in this paper. The residual stresses distribution in glass-to-metal seals was simulated. The 
stress distributions in the glass side analyzed by FEM were in agreement with the ones calculated by analytic 
solution (AS) approach. The X-ray measurement results also proved the validation of the finite element method. The 
following conclusions can be reached: 
z The dangerous stress concentration generally occurs in the vicinity of the glass-metal interface. 
z When the edge thickness increases from 0.03 mm to 0.1 mm, the 1st principal stress in glass greatly increases. 
z The edge thichkness of SS304 should be less than 0.03 mm or 1% of the thichness of the Pyrex glass.  
z Although the Kovar has a much lower CTE than others metal, it is difficult to obtain a reliable unmatched 
Kovar-Pyrex glass seal. 
z When the radius of the metal tube increases, the residual stress slowly increases. If the glass tube with shrink 
mouth, the radial tensile stresses are less than the ones of without shrink mouth. 
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